Purpose Implantation failure is known to be associated with an increased risk of aneuploidy in embryos, a situation leading to a pre-implantation genetic screening, not allowed in different countries like France. Our aim was to evaluate the gamete aneuploidy incidence in this context, using first polar body and spermatozoa aneuploidy screening. Methods Three groups were considered: 11 couples with pregnancy obtained after IVF for female infertility (group 1); 20 couples with pregnancy obtained after IVF for male infertility (group 2); and 35 couples with implantation failure (group 3). In group 3, 28 couples treated by ICSI volunteered for first polar body analysis (PB1). Results Spermatozoa aneuploidy rate was increased in groups 2 (1.6%) and 3 (2.1%) in comparison to group 1 (0.6%). PB1 aneuploidy rate was 35.4% in group 3. Finally, eight couples (32%) had no particular chromosomal risk in gametes, 15/25 (60%) presented an increased spermatic (>2%) or oocyte (>1/3) aneuploidy rate, and 2/25 (8%) had both. Conclusion Those results confirm that implantation failure has a heterogeneous origin, that gamete chromosome abnormality rate is one of the major contributing factors, and that 1st Polar body and spermatozoa aneuploidy screening or pre-implantation genetics screening may be indicated for these couples.
Introduction
In the general population, 60% of human embryos are estimated to be aneuploid [1] , and most of them do not implant. Aneuploidy arises in the oocyte in more than 70% of cases, and most abnormalities occur during the first meiotic division [2, 3] . Maternal aging is the only etiologic factor unequivocally linked to aneuploidy risk at birth, and aneuploidy incidence in oocytes increases with maternal age [4] [5] [6] .
Recurrent implantation failure has been associated with increased oocyte aneuploidy rate. Pre-implantation genetic screening of embryos has confirmed the increase in embryo aneuploidy rate in cases of recurrent implantation failure [7] [8] [9] , but aneuploidy mechanism seems to differ compare to women with advanced maternal age [10, 11] .
Recently, it has been shown for women with recurrent implantation failure that availability of euploid embryos is associated with high ongoing pregnancy and implantation rates, especially on two consecutive PGD cycles. At the opposite, absence of euploid embryos for transfer predicts poor reproductive outcome [12] .
However, in 40% of cases chromosomal factors in oocytes are not involved [4] , and implantation failure may result from abnormalities of uterine receptivity or uterine cavity, or poor gametic quality [13] .
In cases of increased genetic risk in embryos with no genetic disease identified in the parents, ie advanced maternal age [4, 14] or recurrent implantation failure [4] , pre-implantation genetic screening is not allowed in France, but preconception screening can be offered before ICSI as a research protocol, since this concerns gametes and not embryos.
Oocyte abnormalities are the main cause of fetal aneuploidy [15] , but 5-15% of trisomy cases are of paternal origin [16] . In case of fetuses conceived after ICSI, increased aneuploidy rate has been reported [17] , which particularly concerned gonosomes [18] , probably due to increased sperm aneuploidy rate in infertile patients [19] [20] [21] . Spermatozoa morphological abnormalities, including macrocephalia [22, 23] , asthenospermia [24] and globozoospermia [25, 26] are known to be associated with increased aneuploidy rate. These abnormalities are regarded as a justification for preimplantation genetic screening in some countries [8, 9] . Furthermore, spermatozoa aneuploidy rates were shown to be increased in recurrent implantation failure compared with controls or with patients with pregnancy obtained within three ICSI treatment attempts [19] .
As embryo screening is not permitted in many countries like France, we evaluated gametic chromosomal abnormalities for a couple with recurrent implantation failure, using preconception screening of the first polar body and FISH of spermatozoa, and their utility in this context. Spermatozoa results were compared with those from control patients and patients with a pregnancy obtained at the first ICSI attempt.
Materials and methods

Patients
Three groups of patients were considered: group 1 (n=11)-control couples with pregnancy obtained after conventional IVF with normal sperm for tubal pathology or oocyte donation, group 2 (n=20)-couples with pregnancy and delivery (before ten embryos transferred) obtained after IVF (with or without ICSI) for male infertility, and group 3 (n= 35)-couples with implantation failure with more than ten embryos transferred without pregnancy.
Male mean age was similar in the three groups (35+3; 34 + 8 and 36+ 6 years old for groups 1, 2 and 3, respectively). Sperm characteristics (Table 1) were significantly different in group 1 compared with groups 2 and 3 (p<0.05). The absence of differences between groups 2 and 3 confirmed the poor predictive value of sperm parameters on ICSI outcome.
Characteristics of the women included in the study are summarized in Table 2 . Women in group 2 were significantly (p<0.02) younger than those of groups 1 and 3. Women in group 1 had statistically (p<0.0005) more previous pregnancies. Women in group 3 had statistically (p<0.0001) more previous IVF attempts and embryos transferred.
FISH spermatozoa analysis
Spermatozoa were fixed in a 3:1 methanol/acetic acid solution after two water washes, spread on a slide, air-dried and fixed with methanol for 5 min at room temperature. Spermatozoa decondensation was performed in 1 N NaOH (2 min). After dehydration, FISH was carried out using X, Y and 18 centromeric probes: CEPX (green), CEPY (red) and CEP18 (aqua) (Vysis-Abbott). FISH was performed at 73°C, 4 min and 37°C overnight hybridization program.
Slides were washed and counterstained with DAPI solution and spermatozoa were analyzed under an Olympus microscope using the PathVysion kit. Observation and interpretation criteria were based on the number of spots per probe on the sperm nuclei. Only spermatozoa with one spot for 18 and one spot for either X or Y were regarded as normal. X/Y/18 results were compared between the three patients groups. For each patient, about 1,000 spermatozoa were analyzed.
Polar body analysis
Polar body biopsy was offered to women with recurrent implantation failure. Out of 35 patients, 28 agreed to polar body screening, which was carried out using the Zilos TK laser (Hamilton Thorne Biosciences). No control group was possible for preconception screening, taking into account the restrictions of French bioethics law. Immediately after oocyte retrieval and decoronization, three or four laser impacts (180 mW, 0.5 ms pulse) penetrated the zona pellucida (ZP). The polar body was then extracted with a biopsy micropipette (Humagen) and placed in 0.5 µl of water on a siliconized slide. This water drop was air-dried and two drops of Carnoy solution were added. The slide was transferred into a series of solutions: 5 min in methyl alcohol at room temperature, 10 min in 2×SSC at 37°C, 10 min in a 1% paraformaldehyde solution at room temperature, 5 min in PBS at room temperature, 10 min in 0.1 N HCl with 30 μl/40 ml of 10% active pepsin solution, 5 min in PBS at room temperature, 2 min in 70%, 85% and 100% ethyl alcohol for dehydration.
A 3 μl drop of probe solution was placed on each polar body. Codenaturation and hybridization were automatically performed in the Hybrite (Vysis) (73°C for 4 min and 37°C for 4 h).
The slide was then washed in two solutions: 1 min 45 s in a 0.7×SSC/0.3% NP40 solution, and 15 s in a 2×SSC/ 0.1% NP40 solution, then counterstained with an antifade solution, and analyzed with a five-filter fluorescence microscope (Olympus BX60) and the PathVysion imaging system. 
Results
Sperm aneuploidy rate
A total of 11248 spermatozoa were analyzed for group 1 (control) patients (1,023 per patient), 19,682 for group 2 (fertile after IVF) patients (984 per patient) and 29,540 (844 per patient) for group 3 (recurrent implantation failure) patients. When all patients were considered, overall spermatozoa aneuploidy rate was 1.61%, with 1.22% for gonosomes i.e. three times the chromosome 18 aneuploidy rate (0.36%). We observed an overall increased aneuploidy rate in groups 2 (1.64%; p<0.0005) and 3 (1.97%; p< 0.001) compared with group 1 (0.59%), and this increase concerned both chromosome 18 (p<0.05) and gonosomes (p<0.05) (Fig. 1, Table 3 ).
We chose 2% (3.5 times the mean group1 rate) and 5% (8.5 times the mean group1 rate), respectively as cut-off points for moderate and high aneuploidy rate. Eight out of 32 patients in group 3, six out of 20 in group 2, but none in Table 4 ). Two patients in group 3 had a high aneuploidy rate in spermatozoa (6.5% and 25%) but none in groups 1 or 2. The first patient had cryptozoospermia (40,000 spermatozoa/ml, only 215 spermatozoa could be analyzed by FISH); the second had a partial macrocephalia syndrome with 8% typical forms and 20% macrocephalic spermatozoa.
Polar body aneuploidy rate Polar body aneuploidy rate was 34.5% (60 out of 174) and spanned from 0% to 85.7%. Twenty-five patients with more than three first polar bodies tested were divided into three groups according to the abnormality rate. Fifty-two percent (13/25) had one third or less abnormal first polar bodies (subgroup 1), 36% (9/25) had between 1/3 and 2/3 abnormal first polar bodies (subgroup 2) and 12% (3/25) had 2/3 or more abnormal first polar bodies (subgroup 3). Altogether, 12 patients had more than 1/3 abnormal PB1. Seventy eight abnormalities were retrieved, aneuploidy mechanism frequencies were similar with 35 (44.9%) meiotic non disjunction (MND) and 43 (55.1%) premature sepapration of sister chromatids (PSSC).
Incidence of chromosome alteration in recurrent implantation failure All together, taking into account the 25 couples who had both spermatozoa and polar body analysis, 32% of couples (8/25) had no particular chromosomal risk in gametes, 60% (15/25) presented an increased sperm (>2%) or oocyte (>1/ 3) aneuploidy rate, and 8% (2/25) had both.
Assisted reproduction
A total of 229 oocytes showing the first polar body were retrieved (median 6), and 198 (89.4%) could be biopsied. Of these 198 first polar bodies, 174 (92.1%) were analyzed by FISH. Four (1.7%) oocytes were lysed. Spermatozoa were injected into 165 oocytes, 113 with normal first polar body FISH, and 52 without or with inconclusive first polar body FISH. Ninety-nine (60.0%) were fertilized, and among them 92 (92.9%) cleaved. 90 embryos were transferred (2.20 per transfer), five pregnancies (17.6% per couple, n=28) occurred: three pregnancies in subgroup 2, and 2 in subgroup 1. Two miscarriages occurred in subgroup 2. Fig. 1 Sperm aneuploidy rates in the three groups. *Significant increase of sperm aneuploidy rate in group 2 (1.6%; p<0.0005) and 3 (2.1%; p<0.001) compared with group 1 (0.6%) 
Discussion
Previous studies separately reported spermatozoa [19, 20] , polar body [4] or embryo aneuploidy rate evaluations [9, 27, 28] . This study is the first to deal with both spermatozoa and oocyte aneuploidy rates in couples with recurrent implantation failure. Although spermatozoa aneuploidy rate is easy to explore, first polar body screening has to be restricted to women with high oocyte aneuploidy risk undergoing ICSI. The spermatozoa aneuploidy rate of the control group was similar to rates previously observed (for review [29] ). As previously reported [20, 21] spermatozoa aneuploidy rates were increased for patients with altered spermogram (respectively 2.1% and 1.6% for men with or without implantation failure) compared with control group (0.6%). This increase was observed both on gonosomes (p<0.05) and chromosome 18 (p<0.05) aneuploidy rates: 0.49% versus 1.25% and 1.47% for gonosomes and 0.10% versus 0.38% and 0.45% for chromosome 18. No difference was found between men with or without implantation failure (groups 2 and 3). This result differed from a previous study [19] reporting an increased spermatozoa aneuploidy rate for recurrent implantation failure patients compared with patients who received successful IVF for male indication. It should be noted that in the previous study, only ten patients were studied for each group and sperm characteristics differed, with a two fold decrease of sperm count and mobility. Considering only chromosome X, Y and 18, aneuploidy rate were quite similar for patients with successful IVF (1.39% vs 1.64%). For patients with recurrent implantation failure, aneuploidy rate was at 2.52% vs 1.97% in our study. Chromosome 18 abnormalities were as frequent as gonosomes abnormalities. These data are in contradiction with previous series where gonosomes abnormalities were more frequent than autosomes abnormalities [29] .
Two patients had an aneuploidy rate above 5%; the first one was cryptozoospermic and the second one had a partial macrocephalia. Cryptozoospermia [30] and macrocephalia [31] have previously been associated with a high risk of spermatozoa aneuploidy. Since France does not allow preimplantation genetic screening of embryos for this indication, it is only possible to offer prenatal diagnosis to assess fetal aneuploidy. High-magnification ICSI developed by Bartoov [32] , could provide an alternative as it seems to give good results [33] in cases of paternal defect and recurrent implantation failure, but the technique is still under development.
For preconception screening cycles, the fertilization rate (60.0%) and cleavage rate (92.9%) were in agreement with the French FIVNAT registry data [34] . This confirms that the first polar biopsy had no deleterious effect on IVF results [4, 14] .
Pregnancy rate per transfer was only 15.6%, but similar to ESHRE pre-implantation genetic diagnosis consortium data (14.6% pregnancy rate) for this indication [9] . First polar body screening is the only pre-implantation and, more precisely, preconception screening technique allowed by French legislation for recurrent implantation failure, though analysis of the complete cohort, fertilized and unfertilized oocytes, is possible. However, due to time limitations only 76% of first polar bodies could be assessed by FISH, a proportion similar to published values (81.6% [35] , 85.5% [4] ), but much higher than successful oocyte karyotyping rates (less than 50% of unfertilized oocytes [36] ).
The PB1 aneuploidy rate was 34.5% in the recurrent implantation failure group (group 3), below values reported in pre-implantation genetic diagnosis studies [7, 28, 37] . This study confirms that oocyte chromosomal abnormalities play a key role in certain implantation failures, but also confirms the etiologic diversity of recurrent implantation failure. A low aneuploidy rate in oocytes (≤1/3, 52% of cases) suggests that in this subgroup chromosomal factors are not the main cause of implantation failure and that other investigations such as endometrial examination are required. Molecular abnormalities at the endometrial level and abnormal embryo-endometrium interchange may also be responsible for some cases of recurrent implantation failure, and over-or under-expressed genes may be related to successful implantation. We have previously suggested [4] that chromosomal malsegregation seems to be involved in 48% of cases of recurrent implantation failure, following investigation of five chromosomes among the 23 pairs that can malsegregate. The three (12%) patients diagnosed with more than 2/3 oocytes showing abnormal FISH results may produce only aneuploid oocytes, and oocyte donation, adoption or a spontaneous cycle should be discussed.
In order to study the gamete aneuploidy incidence, two cut-off rates have been defined: 2% for spermatozoa; 1/3 for the polar bodies, comparable to published categories [29, 38] . No control patient had a sperm aneuploidy rate above 2%, and 1/3 for polar bodies accords with Pellestor [36] who found 22.1% aneuploid oocytes in the general IVF population. Of 25 couples in our study, one third had no obvious gametic aneuploidy rate modification and other investigations of the recurrent implantation failure are required [13, 39] . For example, endometrial receptivity evaluation by three-dimensional power Doppler ultrasound vascularity testing coupled with cytokines mRNA expression assay could be performed [40] . Blastocyst transfer or assisted hatching, or co-cultures have been performed but these have not yet been shown to be of benefit to patients.
Approximately two thirds of the patients had an increased gametic aneuploidy rate, which involved spermatozoa only (20%), oocyte only (40%), or both (8%). In group of women with an oocyte aneuploidy rate between 1/ 3 and 2/3, two miscarriages occurred for three pregnancies obtained, possibly linked to an embryo aneuploidy involving a chromosome that was not tested in our protocol. Studies using a CGH approach [41] , argue for a preferential participation of chromosome X and the smaller autosomes in aneuploidy, not all of them having been screened here.
For five couples (20%), the abnormality rate was very high, up to 5% in spermatozoa (two men) or above 2/3 in polar bodies (three women). In those situations a major meiotic defect is very likely and this condition alone probably explains the recurrent implantation failure.
Concerning aneuploidy mechanism, frequencies were similar, for meiotic non disjunction and premature separation of sister chromatids, as previously observed in this indication [11] .
Conclusion
This study confirmed the previously reported multifactor origin of recurrent implantation failure [13, 39] , but also the key importance of aneuploidy (68% of cases), although 32% of couples had normal aneuploidy rates. Gametic aneuploidy screening in recurrent implantation failure seems to be necessary, using preconception screening and FISH on spermatozoa in countries like in France, Germany or Italy where pre-implantation genetic screening is not allowed. Gametic aneuploidy screening results will probably influence medical recommendations for patients with recurrent implantation failure in thoses countries.
